Several studies have demonstrated the neuroprotective effect of enriched environment (EE) and its positive effect on cognitive performance in pathological conditions, such as neurodegenerative diseases, epilepsy, and traumatic brain injury. However, the immunomodulatory effect of EE in normal rodents is not well characterized. To assess the immunomodulatory effect of EE, we randomly assigned normal mice to EE housing or standard environmental (SE) housing for 3 weeks. Behavioral alterations were evaluated by open field, fear conditioning, and Morris water maze tests. Immunohistochemical staining was performed to assess the expression of behavioral-related proteins, and enzymelinked immunosorbent assay (ELISA) for brain-derived neurotrophic factor (BDNF), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) was also performed. We also measured the levels of RIP1 and RIP3 proteins using western blotting. EE significantly improved the cognitive performance which was associated with the increased expressions of BDNF, ionized calcium-binding adapter molecule 1 (Iba1), and glial fibrillary acidic protein (GFAP); EE did not influence any morphological changes in the brain tissue in adult mice; however, increased resistance to inflammation induced by TNF-α was observed. These findings indicate that EE can positively influence cognitive and behavioral performance in healthy adult mice by exerting environ-immuno effect on neural function.
Introduction
Numerous studies have demonstrated enriched environment (EE)-induced neuroplastic changes and/or behavioral improvements in normal animals as well as in animal models of various central nervous system (CNS) diseases. [1] [2] [3] EE can affect the inflammation and outcome not only in the disease animal models but also in the health animal models. [4] [5] [6] Homeostasis of neuroimmune signaling pathways in the brain is maintained by circulating immune cells and proteins, 6 which may influence cognition, behavior, and mood. 7 Previous studies have revealed that the beneficial effect of EE was attributed not only to alter neurobiological and behavioral response, but, possibly, also through other immune markers, such as glial cells, 8 cytokines, and chemokines 7 in rodents placed in the presence of an EE.
In a recent study, EE restored stress-induced impairment in learning, memory, and behavioral depression through reversal of adult neurogenesis. 9 Environmental enrichment (EE) refers to a housing condition that improves physical and psychological well-being by providing various stimuli meeting the special needs of inhabitants. [1] [2] [3] [4] 10 EE has been shown to modulate plasticity within the hippocampus and other cortical regions in rodent brains 11 and to slow down the process of neuronal aging. 12 Moreover, EE was also shown to increase levels of neurotrophins, such as brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF), which play an integral role in neuronal signaling. 13 Interestingly, EE-housed rats showed an attenuated response of interleukin-1β (IL-1β) and members of the tumor necrosis factor (TNF) family within the hippocampus. 8 The finding that peripheral TNF-α and interferon gamma (INF-γ) influences the CNS either at a neuroimmune level or at the behavioral level 14 led to a speculation that EE plays a crucial role in the healthy and injured brains via regulating the relationship between the immune system and brain functioning. In this study, we sought to examine the potential immunomodulatory effect of EE on behavior and on the brain microenvironment in healthy mice and to assess the potential role of EE in the prevention of behavioral and cognitive diseases.
Results

Experimental protocol
The complete experimental protocol is illustrated in Figure 1 . The animals were randomly divided into two groups (EE group and standard environment (SE) group, n = 20). After spending 3 weeks in either EE or SE housing conditions, half the mice were randomly assigned to the protocol A and the other half to the protocol B. The details of protocols are as follows. The protocol A includes major five steps. At first, experimental animals were put into EE or SE housing conditions for 3 weeks. And then, we performed the behavioral tests, including three3 steps, such as open field test (OFT) for 2 days, fear condition for 1 day, and MWM for 5 days. The last step is to sacrifice animals for other studies. The protocol B includes three major steps. The first step is the same as the protocol A. And then, animals were injected with TNF-α. Finally, after injection for 5 h, we sacrificed the animals for further studies.
Housing conditions
As shown in Figure 2 , all the animals were reared either in EE housing (Figure 2 (a)) or in SE housing (Figure 2(b) ). The details of protocols are as follows. EE housing includes many interesting tools such as that are beneficial for the experimental animals. And there are more animals in the EE housing which are helpful for social activities among animals. However, there are no tools for animals and too few animals in SE housing. 
Behavioral tests
Behavioral performance was assessed at 22 days after treatment ( Figure 3 ). Locomotor activity assessed using OFT showed a significant difference between two groups (SE vs EE: 3180 ± 206 cm vs 1750 ± 115 cm, Figure 3 (a); *P < 0.05). The effect of EE on learning and memory was assessed by the contextual fear conditioning test. Data showed that EE mice had higher freezing levels during the context and tone-dependent memory test compared to SE mice (SE vs EE: 37% ± 3% vs 62% ± 5%, SE vs EE: 60% ± 6% vs 91% ± 8%, respectively; *P < 0.05, Figure 3 (b) and (c)). In order to determine the effect of spatial learning acquisition, we performed the Morris water maze (MWM) test and measured the following four indices: escape latency and distance to locate the removed platform, the time spent in the platform quadrant, and the times crossing over the platform. Figure 3 (d) and (e) shows that the mean escape latency and escape distance in the EE group were shorter than those in the SE group (SE vs EE: 24.15 ± 6.52 vs 11.43 ± 3.4, SE vs EE: 591.54 ± 78.17 vs 264.3 ± 50.1; Figure 3 (d) and (e), respectively, *P < 0.05). The time spent in the platform quadrant showed significant between-group difference (SE vs EE: 29 ± 4 vs 53 ± 6; Figure 3 (f), *P < 0.05). Similarly, times crossing over the platform was also found to be significantly different between the two groups (SE vs EE: 2.1 ± 0.6 vs 4.3 ± 1.2, Figure  3 (g), *P < 0.05).
Upregulation of glial fibrillary acidic protein and Iba1 expression in EE group
EE-reared mice had a greater expression of glial fibrillary acidic protein (GFAP) and Iba1 as compared to that in SE-reared mice. (Figure 4 
EE decreased the expression of RIP1 and RIP3 proteins
To determine whether EE impacts necroptosis signaling after brain injury, we analyzed the expression of RIP1 and RIP3, the key markers of necroptosis. There was a marked decrease in RIP1 and RIP3 expression in the EE mice compared to the SE mice group ( Figure 5 ).
EE mice had increased expression of BDNF, but the expression of TNF-α and IL-1β remained unchanged
To assess the potential effect of EE on the brain microenvironment, we measured the classical inflammtatory cytokines (TNF-α and IL-1β) as well as the growth factor (BDNF) within the hippocampus of both groups of mice. The expression of BDNF was significantly greater in the EE group (SE vs EE: 291 ± 27 vs 503 ± 51, *P < 0.05, Figure  6 (a)), while the levels of TNF-α and IL-1β were not significantly different in EE-reared mice when compared to the SE group (SE vs EE: 22 ± 4 vs 17 ± 3; SE vs EE: 19 ± 3 vs 15 ± 2, respectively, Figure 6 (b)).
EE-reared mice attenuated expression of the inflammatory marker, CD68, after TNF-α injection
Following TNF-α injection, we assayed the expression of the inflammatory marker, CD68, which indicates activated microglia/macrophages. As shown in Figure 7 (a)-(c), the number of CD68+ cells in the hippocampus in EE-reared mice was significantly lower than that in the SE-reared mice (SE vs EE: 67 ± 7 vs 38 ± 4, *P < 0.05).
EE-reared mice showed increased resistance to inflammation induced by TNF-α
We used TNF-α to induce an inflammatory response and assayed the expression of the critical inflammatory cytokines, TNF-α and IL-1β, in the hippocampus, 5 h after TNF-α or phosphate-buffered saline (PBS) injection. As shown in Figure 8 , both the pro-inflammatory cytokines TNF-α and IL-1β were increased within the hippocampus after TNF-α injection; however, this increase was significantly attenuated in EE-reared mice compared to SE-reared mice (TNF-α: SE-PBS vs EE-PBS: 24 ± 4 vs 18 ± 3 ng/g, SE-TNF-α vs EE-TNF-α: 731 ± 120 vs. 438 ± 75 ng/g; IL-1β: SE-PBS vs EE-PBS: 23 ± 3 vs 17 ± 2 ng/g, SE-TNF-α vs EE-TNF-α: 529 ± 71 vs 278 ± 56 ng/g; *P < 0.05).
Discussion
EE is defined as an experimental form of rehabilitation in which laboratory animals are reared in an environment of cognitive, motor and sensory stimulation at levels much greater than that in standard housing conditions. [1] [2] [3] [4] [5] [6] 9, 10, 15, 16 Although EE has been shown to benefit physical and cognitive ability, as well as social interaction, the preventive role of EE in the healthy adult mice and the effect of EE on brain microenvironment have remained unclear.
We subjected normal healthy adult mice to EE and then measured the behavioral performance. The MWM test for learning and memory is dependent on the hippocampus. 17 We found that EE-reared mice had better cognitive performance than SE-reared mice and that during the 60-s probe trial, the EE-reared mice showed a stronger preference for the platform quadrant than the SE-reared mice, which is consistent with earlier studies. 18 After 3 weeks of EE-rearing, there was a marked increase in the locomotor activity and freezing responses in the OFT and fear conditioning test, respectively. Contextual fear learning has traditionally been attributed to both the hippocampus and the amygdala. [19] [20] [21] Hence, our data suggest that EE enhanced not only the long-term memory and spatial navigation but also exploration and nonspatial learning ability, such as depression-like behavior.
In contrast, EE-reared mice showed increased protein expressions of both Iba1 (marker of microglia) and GFAP (marker of astrocytes) in the hippocampus, which is consistent with findings of previous studies which showed increased generation of glia under EE conditions 8 and as well as after wheel running exercises. 22 EE has been shown to upregulate neurotrophins, such as BDNF, which play an essential role in these enrichment-induced alterations, both at the behavioral and cellular level. 23, 24 In this study, EE was associated with a markedly increased expression of BDNF. Therefore, our data support the view that BDNF can contribute to the alterations following EE, including learning enhancement 25 and freezing response for fear conditioning. 26 Microglia, resident brain parenchymal macrophages, play either a beneficial or deleterious role depending on their differential polarization 27 and regulate cytokines and inflammatory response in brain and in major depression behaviors. 28 Astrocytes and microglia cells of the CNS secrete TNF-α in reaction to inflammatory or infectious stimuli. 29 This discovery of significant and complex relationship between immune system, EE, and brain function has led to a speculation that EE may exert an inhibitory effect on inflammatory diseases.
IL-1β is a well-known pro-inflammatory molecule that is important for normal brain function. 30, 31 Moreover, physiological levels of IL-1β are essential for normal learning and memory function. 32 Both too low or too high levels have a harmful effect. 33 TNF-α is a pleiotropic cytokine that is recognized as a central not exclusive mediator in the CNS under physiological and pathological conditions. 34 Our study shows that exposure to an EE significantly reduced the expression of TNF-α and IL-1β in the hippocampus after injection of TNF-α in the healthy mice. Before TNF-α injection, EE decreased the expression of TNF-α and IL-1β; however, there was no statistical difference. We also found that the expression of RIP1 and RIP3 was decreased in EE-reared mice after injection of TNF-α in healthy mice. Our study shed light on the underlying mechanism of the neuroprotective effect of EE and suggested that the improved behavioral performance under EE conditions is mediated via the regulation of microenvironment in healthy adult mice and prevention of the inflammatory response.
Although our study showed that EE improved cognitive and behavioral performance and attenuated inflammatory response after injection of TNFα, there are still many limitations that need to further studied. What changes did TNF and EE treatments bring to the construction of brain tissue and how did these changes happen and the relationship between the changes of brain tissue and behavioral performance are the issues that need to be studied in depth.
These findings provided evidence that EE can positively influence cognitive and behavioral performance in healthy adult mice by exerting environ-immuno effect on neural function and that EE attenuates inflammatory response after injection of TNF-α in healthy adult mouse.
Experimental procedures
Animals and experimental design
In all, 40 adult male C57BL/6 10-week-old mice were purchased from the Shanghai Laboratory Animal Center (SLAC), Chinese Academy of Sciences. Animals were randomly divided into two groups and reared in two different housing conditions for 3 weeks. All the animals in this study were allowed free access to water and food and reared in accredited room with 12-h light/dark cycle. After 3 weeks, we carried out behavioral tests on mice. Following these operation and analysis, mice were sacrificed and brain samples used for subsequent study. The study protocol was approved by the Institutional Animal Care and Use Committee of Fudan University, Shanghai, China (20160966A284, 27 February 2016).
Housing condition
EE. Eight mice were housed in one EE cage consisting of a large plastic cage (56 × 40 × 22 cm). The EE cage had various items for the mice to play and manipulate. The stimuli were as follows: plastic tunnels, wooden climbing frame, platforms, hiding shelters, house, exercise wheel, chew toys, and other novel objects designed specifically for small animals. In order to maintain novelty, the items in the cage were rearranged every other day and were replaced completely when the cage was cleaned twice a week. After 3 weeks, half of the mice were subjected to a series of behavioral tests and then sacrificed for further study, and the other half were administered intravenous injection of recombinant murine TNF-α (30 μg/kg body weight; R&D Systems, Minneapolis, MN, USA) or vehicle (sterile PBS, control group) and then sacrificed for further analysis. SE. One SE cage contained three mice. SE cage was a standard plastic rodent cage without special equipment (31 × 21 × 13 cm). We observed the state of mice every day and cages were cleaned completely once a week.
Behavioral tests. EE-reared and SE-reared animals (n = 20) were subjected to a series of behavioral tests. All experimental animals were subjected to OFT and fear condition test on 22, 24, and 25 days after being kept in EE or SE environment; the water maze test was conducted between days 27 and 32. The workers involved in conducting behavioral tests and data analysis were blinded to the group identity of the animals.
OFT. An OFT was used to evaluate a series of behaviors, such as exploratory, anxiety, and spontaneous locomotor activity as described previously 35 with slight modifications. The mouse was placed in an open field apparatus having a camera attached at the center, which was linked to a computer. The mouse was allowed to freely move around for 15 min after a 2-min habituation period. Total distance traveled in the apparatus was determined. The apparatus was cleaned with 75% ethanol after each test. Total distance traveled in the apparatus was determined.
Contextual fear conditioning test. The methodology used was as described previously, 24 but with slight modifications. The apparatus for fear conditioning included a conditioning chamber equipped with an automated shock generator and a computer software system. During the conditioning session, mice were placed in the conditioning chamber for 150 s and were then given a 30 s tone (10 kHz, 75 dB sound pressure level (SPL)) and a foot shock (2 s, 0.7 mA, constant current). Freezing responses were monitored for 30 s after tone and foot shock, and then, the mice were returned to their home cages. Mice were put back into the conditioning chamber 24 h after the conditioning training, and freezing responses were recorded for 5 min by two researchers who were blinded to the experimental conditions. MWM test. The MWM test was conducted to measure spatial learning and memory of mice for six consecutive days as described previously by our team. 36 Water maze test was started after 3 weeks of rearing in EE or SE housing. In brief, a cylindrical water pool was filled with water (22°C-25°C) and then rendered as opaque by adding edible white pigment in order to cover the platform. An escape platform was placed in the water pool 1 cm below the surface of the water and fixed at a stationary location. The experiment was divided into two sections. The first section served as the training section for five consecutive days; the second one was the test section. On days 1-5, mice were trained to find the escape platform. The trial was not stopped until mouse reached the platform or lasted a maximum of 60 s. On day 6, the platform was removed. The time spent in passing through and the time spent in the platform quadrant as well as escape latency and distance to cross over the platform were recorded using a computer software linked with a camera (Nikon Eclipse Ti-S; Nikon, Tokyo, Japan).
Histopathological examination and immunofluorescence stain-
ing. Following behavioral test, animals were anesthetized with 10% chloral hydrate and then perfused with PBS. After sacrifice, brains were removed and fixed in 4% paraformaldehyde solution at 4°C overnight. Subsequently, the brains were dehydrated in 30% sucrose solution and 25-μm-thick sections prepared. Sections were rinsed with PBS and blocked with PBS/5% milk for 1 h and probed with primary antibodies in 3% bovine serum albumin (BSA) solution overnight at 4°C. On the second day, the sections were incubated with secondary antibodies tagged with fluorescent dye (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at room temperature. Finally, the slides were mounted with ProLong Gold antifade reagent (Life Technologies, Grand Island, NY, USA) and the images captured using a fluorescence microscope (Nikon Eclipse Ti-S). The following primary antibodies were used: goat polyclonal anti-GFAP and Iba1 (1:300; Santa Cruz Biotechnology, Inc.).
For the immunohistochemical examination, we performed 3,3′-diaminobenzidine (DAB) staining according to the protocol described elsewhere 37 with slight modifications. Briefly, brains were removed, paraffin-embedded, and 25-μm-thick sections prepared. These were incubated in 0.3% H 2 O 2 in PBS for 30 min and then incubated in PBS containing 0.3% Triton X-100 for 15 min at 25°C. Following a 30-min preincubation in 10% (wt./ vol.) BSA (in PBS), the sections were incubated overnight at 4°C with primary antibody (CD68, 1:300). The sections were then washed with PBS and treated with appropriate secondary antibodies (Vector Laboratories, Burlingame, CA, USA). After rinsing in PBS, immunoreactivity was visualized by the avidin-biotin complex (ABC) method (Vectastain ABC kit; Vector Laboratories) and developed using diaminobenzidine (DAB) staining. Several fields were photographed in each section, and at least five serial sections spaced 200 μm were counted for each mouse. In every third section, CD68-positive cells were counted per field by a researcher blinded to the feature of the photographs.
Western blotting analysis. After 3 weeks of injection, mice were deeply anesthetized with 10% chloral hydrate, and then, hippocampal regions of the brains were dissected and rinsed with homogenization buffer. Total protein extracts and Western blotting analysis were performed as previously described. 36 Tissues were lysed in a homogenizer containing radioimmunoprecipitation assay (RIPA) lysis buffer keeping in 0°C-4°C (Beyotime Biotechnology, Shanghai, China). Each protein sample of 40 μg was dispensed to the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/ PAGE) gel well and separated by 10%-15% SDS/ PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA). After that, membranes were blocked with 5% milk solution and immunoblotted with primary and secondary antibodies. We measured the levels of RIP1 and RIP3 (1:1000; Santa Cruz Biotechnology, Inc.), respectively.
Enzyme-linked immunosorbent assay. Concentrations of TNF-α, IL-1β, and BDNF proteins from the hippocampal homogenates were quantified using enzyme-linked immunosorbent assay (ELISA) kits (Mouse TNF-α ELISA Kit, Mouse IL-1β ELISA Kit, Mouse BDNF ELISA Kit; RayBiotech, Norcross, GA, USA) in accordance with the manufacturer's protocol. Data from each sample were normalized for the protein concentration.
Statistical analyses. Values were reported as mean ± standard deviation (SD). Between-group differences were assessed by two-tailed t test. P < 0.05 was considered indicative of statistically significant difference. All graphs were constructed using GraphPad Prism (version 5, GraphPad Software, San Diego, CA, USA).
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